M alcolm D ixon d ied in C am b rid g e, th e u n iv ersity city in w hich he sp en t th e w hole of his life, on 7 D ecem b er 1985, at th e age of 86. H e achieved in tern atio n al d istin ctio n for his w ork on physical b io ch em istry , n o tab ly th e pu rificatio n of enzym es an d th e kinetics of en zy m e-cataly sed reactions, and he will long be rem e m b ered in ad d itio n for th e leading p art he played in th e in tro d u c tio n of th e p resen t system atic n o m e n clatu re of enzym es. W h en he began research in 1921, even th e chem ical n a tu re of enzym es as p ro tein s was far fro m settled. T h ro u g h his research and teach ing, and th e p u b licatio n of th re e o u tsta n d in g books, he d id m u ch to p u t th e stu d y of enzym es on a firm q u an titativ e basis. A nd w hen he died, this intensely shy an d p riv ate m an, w ho lived according to deeply held C h ristian beliefs, was m o u rn e d by a w ide circle of frien d s and adm irers.
T h e key to m u c h of M alcolm D ix o n 's life, b o th p erso n al and scientific, can be fo u n d in his fam ily b ack g ro u n d and in his experiences as a child. T o g e th e r they fo rm ed and sh ap ed th e m an.
H is fath er, A llick Page D ixon, and his m o th er, nee C aroline D ew e M athew s, w ere b o rn in C am b rid g e, b o th of large fam ilies. A ccording to a fam ily legend, M alco lm 's g re at-g ran d fath er, T h o m as D ixon Sr, in his y o u th ran away from M aid sto n e, K en t, to avoid being p ressed into service in th e Royal N avy. H e settled in C am b rid g e and m arried a n e a r relative of th e M iss Page w ho ow ned a bookselling and p u b lish in g business in M ark et S treet o p p o site H oly T rin ity C h u rch . As reco u n ted in R. B ow es's Cambridge bookshops, 'M iss P ag e's had very largely the E vangelical connectio n in and before the tim e of S im eon [V ice-P rovost of K in g 's College, and V icar of T rin ity C h u rch from 1782 to 1836], and she p u b lish e d his collection of hy m n s still used in T rin ity C h u rch and G reat St M a ry 's in m y early days; th e shop was th e cen tre for the sale of Bibles, P rayer Books, and devotional w orks. ' In due course M alcolm D ix o n 's g ran d fath er, T h o m a s D ix o n Jr, in h erited the business from M iss Page, dev o tin g h im self to it for the rest of a long life. T h o m as D ix o n J r and his second wife raised a su b stan tial fam ily. A llick D ixon, th e eldest son, was obliged to go into th e fam ily business, b u t the eldest sister becam e a m issionary in K orea. O f A llick 's b ro th ers, tw o becam e h ead m asters of large schools, in In d ia and A u stralia respectively, an o th er becam e an A u stralian bish o p and a fo u rth a C anon of L ahore. T h e bookselling business passed to A llick D ix o n on the d eath of his father in 1886. H e diversified it, settin g up a sm all p rin tin g d e p artm en t th a t grew into th e Black B ear Press in H ills R oad, b u t this com pany, after its early success, p ro v ed un p ro fitab le. T h e w orks w ere sold to H effer and Sons, the p resen t C am b rid g e booksellers and pub lish ers, leaving A llick D ix o n w ith the original bookselling business. T h is he retained for a fu rth e r 10 years or so, by w hich tim e his only child, M alcolm , was th ro u g h his U n iv ersity courses and had em b ark ed on his academ ic career. A llick D ixon ultim ately sold the rem ain in g b usiness to Jarro ld s of N orw ich , after w hich it was co n v erted into a sta tio n e r's shop.
T h e sale left A llick D ix o n w ith tim e to p u rsu e his o th e r co nsiderable interests. H e had succeeded his fath er as S ecretary of the C am b rid g e G eneral Benefit Society and w hen, in 1911, L loyd G eorge in tro d u ced a schem e for N ation al In su ran ce, m any friendly societies in E ast A nglia felt it necessary to associate. A llick D ixon was ap p o in ted S ecretary to th e new N ational In su ran ce A ssociation for th e E astern C ounties. H e was appo inted to the G o v e rn m e n t's C o n su ltativ e C ouncil on N atio n al In su ran ce, serving for six years u n d er S ir R o b ert M o ra n t and N eville C ham berlain and he co n tin u ed to serve the C am b rid g e society u n til 1944. H is o th er activity, w hich M alcolm believed his fath er reg ard ed as possibly his m ost im p o rtan t w ork, was as S ecretary of the Ely D iocesan B oard of F inance and th e D ilap id atio n s B oard, a post he relin q u ish ed only w hen he reached the retirin g age in 1937. H e had been a m e m b er of the Board since 1913 and travelled w idely th ro u g h o u t East A nglia in his visits to en q u ire after, and offer su p p o rt to, clergy in th e ir parishes. A llick D ixon died in 1950 at th e age of 83.
T h e M athew s fam ily, from w hich M alco lm 's m o th er was descended, cam e from H am p stead N o rris, n ear N ew b u ry , B erkshire. T h e y w ere yeom an farm ers and landow ners and, in th e 17th cen tu ry , w ere intim ate friends of W illiam P enn. T h o m a s M athew s, M alco lm 's g ran d fath er, as a young m an had considered em ig ratin g to A m erica, b u t m arried instead. In 1858 he and his wife rem oved from B erkshire to M aid s C ausew ay in C am bridge to enable him to en ter S t J o h n 's College as an u n d erg rad u ate, w hich he did in 1860. M alco lm 's m o th er, b o rn in 1859, was th e first of a fam ily of nine child ren b o rn before T h o m a s 's wife died of tu b ercu lo sis, after som e 15 years o f m a rrie d life. In view of his gro w in g fam ily an d the trag ic d eath of his w ife, it is p erh ap s n o t su rp risin g th a t T h o m a s M ath ew s was 47 years of age b efore he succeeded in o b ta in in g his B.A. degree. H is u n h a p p y situ a tio n was co m p o u n d ed by th e loss of m o st of his m oney th ro u g h unw ise in v e stm en t an d it becam e necessary to sell th e h ouse and b reak u p th e fam ily. C aroline, th e eld est child, was taken on as resid en t governess by the Rev. Jo h n B arton, at th a t tim e V icar o f H oly T rin ity C h u rc h . F ro m care of th e B arto n ch ild ren , she becam e m a tro n at a large b o ard in g school for boys in R am sgate (now S t L a w re n c e 's C ollege), m a rry in g A llick D ix o n in 1894. M alcolm D ix o n , b o rn in 1899 at 9 M a rk e t S treet, was th e ir only su rv iv ing ch ild ; a sister, M arjo rie, had died before M alco lm 's b irth .
T o q u o te M alco lm D ix o n h im self:
M y p aren ts' m arriage brought them lifelong happiness. T hey were ideally suited to one another. T hey were both people of fine C hristian character, wise, kind, courageous and unselfish, and they were greatly beloved by a wide circle of friends. I always had the greatest adm iration and affection for them both, and I was indeed fortunate to have had such a happy hom e life.
As it happened, I never m arried, and the three of us were to live together for about 50 years until, when they were between 80 and 90, they both died w ithin a short tim e of each other. I can never express in w ords how m uch I owe them in m any ways.
W h en it cam e tim e for school, M alcolm w ent to th e P erse G ra m m a r School, like his fath e r before him , b u t his p erio d th e re was b rie f and far from hap p y . H e was a weak child (' a w eedy specim en ' is his ow n d escrip tio n ) and he fo u n d th e schoolw ork and gam es by day, follow ed by hom ew ork in th e evening, alto g eth er too m u ch for him . A d d ed to this, he suffered som e u n k in d n ess from stro n g er boys and it was p erh ap s a relief w hen, at th e age of 12, he learn ed th a t he had p u lm o n ary tu b ercu lo sis, necessitating his rem oval from th e school. H e was to receive no fu rth e r form al teach in g u n til he en tered E m m an u el College six years later.
In s u p p o rt of his convalescence, his p aren ts m oved o u t to a new house east of S helford, a region th e n co m paratively un d ev elo p ed and th o u g h t to offer, in th e custo m of th e tim e, a healthy ru ral en v iro n m en t. M alco lm 's tu b ercu lo sis was indeed cu red w ith in a year, a speedy recovery w hich he h im self a ttrib u te d largely to his m o th e r's devoted n u rsin g . T h e new way of life w hich opened up certainly su ited h im and can be seen as having set the p a tte rn for th e years to com e: th u s he enjoyed the freedom to roam w ild in th e open air (he rem ain ed an avid co u n try w a lk e r); he took up carp e n try in a co n v erted g ard en shed (he was later never h ap p ier th an w hen d ism an tlin g and reassem bling a com plicated laboratory in s tru m e n t); he learned to play the piano (he becam e a skilled p erfo rm er of ch am b er m usic w ith frien d s); and he read w idely, if h aphazardly, learning to adm ire precision of expression (his su b se q u en t co -au th o rs have testified to his insistence on th e choice of this or th a t w ord).
B ut if these six years in the co u n try w ere so generally beneficial, th ey also b red a difficulty th a t was to dog M alcolm for m u ch of his life. T h e virtual isolation, th e absence of daily ro u g h -a n d -tu m b le w ith sch o o l fellows, the lack of co nversational p ractice, en g en d ered in th e grow ing child a shyness and a reticence th a t M alcolm recognized b u t nev er w holly overcam e. ' I never m astered the art of s m a ll-ta lk ', he w rites, 'an d casual acquaintances p ro b ab ly fo u n d m e u n in te re stin g or even surly, w hen in fact I was try in g to " th in k of so m eth in g to s a y " . ' As a resu lt, he was relu ctan t, even in later life, to m ake sp o n tan eo u s re m a rk s ; and alth o u g h he claim ed to have no fear of lectu rin g , even to large audiences, he spoke always from a full set of notes carefully p re p a re d b efo reh an d . M o reo v er, he was to becom e fam ous am ong successive g en eratio n s of u n d e r grad u ates for the q u ietn ess of his speaking voice.
A t th e age of 16, w ith his fa th e r's w arm su p p o rt, M alco lm began to prep are for en tran ce to th e U n iv ersity of C am b rid g e. A g ricu ltu re was th e in ten d ed subject, to fit h im for th e o u td o o r life th a t was still deem ed to be essential. B ut W o rld W ar I was in p ro g ress, th e colleges w ere full of A rm y cadets, and E m m an u el C ollege finally agreed to accept h im only if he co n tin u ed to live at hom e. M a lc o lm 's p aren ts m et th a t co n d itio n by su b seq u en tly m oving back to C am b rid g e, to th e house (27 Parkside) w hich was to be th e ir an d his hom e for th e rem a in d er of all th e ir lives. T h e subjects of th e U n iv ersity en tran ce ex am ination, the P revious or 'L ittle -g o ', w ere L atin , G reek, F re n c h and P aley 's Evidences of Christianity, all of th e m co m p u lso ry . In p rep arin g for th e ex am in atio n he was alm ost entirely self-tau g h t, enjoying th e G reek b u t n o t th e L atin . H e passed in all p apers, achieving a first class in th e Evidences .
Cambridge: undergraduate and research student
T h e U n iv ersity of 1917 was a stran g e place. M o st of th e u n d erg rad u ates in residence, like M alcolm D ix o n him self, had been declared u n fit for m ilitary service. T h e re was co m paratively little social life, yet for the shy, innocent young m an recently re tu rn e d from exile in S h elfo rd , th e w orld took on a new com plexion.
M alcolm read initially for P a rt I of the N a tu ral Sciences T rip o s in physics, chem istry and physiology. H av in g done no science before, he needed to take th ree years over this, a p erio d th a t was by no m eans u n co m m o n at th a t tim e even for those w ith th e benefit of p revious school science. D u rin g his second year he was stru ck dow n several tim es by the te rrib le epidem ic of ' S panish ' influenza th e n raging in E u ro p e. In consequence, he m issed m u ch of th e seco n d -y ear teaching, b u t m anaged to spend a good deal of his enforced convalescence learn in g som e m athem atics, especially graphical m eth o d s and calculus.
D u rin g his th ird year as an u n d erg rad u ate, M alco lm 's in terest in b io c h em istry was aro u sed by a college frien d , W . R. F earo n (later P ro fesso r of B io ch em istry at T rin ity C ollege, D u b lin ). T h e su p p o sed necessity of an o p e n -a ir career h ad by now receded an d M alcolm felt free to give u p th e idea of ag ricu ltu re. T h e re was no form al course in b io c h em istry in th e U n iv ersity , b u t it could be stu d ie d in P art II physiology and he d u ly chose th is P a rt II for his fo u rth year . H e enjoyed it en o rm o u sly . H is p a rtn e r for practicals was F. J. W . R o u g h to n (later F .R .S . an d P ro fesso r of C olloid Science, C am b rid g e).
O th ers M alcolm recalled in th e class of eig h t in clu d ed E. G . H olm es, B arb ara H o p k in s (d a u g h te r of S ir F red eric k G o w lan d H o p k in s, O .M ., F .R .S ., and later M rs H olm es), H . E. T u n n icliffe and R. J. V. P u lv ertaft. A m o n g th e m u c h larg er P a rt II physiology class of th e follow ing year was J. J. N eed h am (later F .R .S . and S ir W illiam D u n n R eader in B iochem istry and M a ste r of G o nville and C aius C ollege); and he, M alcolm D ixon, R o u g h to n an d T u n n icliffe fo rm ed a discussion g ro u p th a t m e t fo rtn ig h tly . M alcolm took P a rt II in 1921, n arro w ly m issing a first class, ju s t as he had n arro w ly m issed a first class in P a rt I th e year before.
A n o th er u n d e rg ra d u a te in E m m an u el College at th a t tim e was R o b ert (R obin) H ill (later F .R .S .). T h e tw o m en en tered into a close frien d sh ip th a t was to en d u re u n til M alco lm 's d eath in 1985 (figure 1). B oth m ade th e ir en tire careers in th e new ly fo rm ed D e p a rtm e n t o f B iochem istry at C am b rid g e and, after his frie n d 's d eath , R o b in H ill recalled his early association w ith M alco lm th u s : M yself arriving [at Em m anuel College] at the second term both M alcolm and his parents were extraordinarily kind in helping me to make up for the loss of the first term . T h u s M alcolm and I were to become life-long friends. I owe very m uch to his friendship. R ather than emphasize personal aspects I want to com m ent on the way M alcolm established the practice of setting up exact physical m ethods of m easurem ent. T his m ade a great contribution to the teaching and research in biochem istry for the subject as it was inspired by F. G. H opkins. In our earlier academic training M alcolm and I were m em bers of the famous elem entary physics class run by G. F. C. Searle. It was impressive to see how M alcolm m ight have been said to 'out-Searle ' Searle in his carrying out of the electrom agnetic experim ents especially. Searle and his physics class were com m ented on in perfection by George T hom son ( Memoirs, Royal Society, 1955) .
T h e m em ory of M alcolm in that stage of the experim ental teaching in the 1920s is a perm anent joy.
H aving failed to achieve a first class in his P art II, and having been advised by his College T u to r n o t to co n sid er a career in research, M alcolm was rescued from fu rth e r co n tem p latio n of his fu tu re by the decisive in terv en tio n of F. G . M alcolm to em bark on research for th e recently in stitu te d P h .D . degree, he invited him to w ork w ith h im on his new discovery, g lu tath io n e, and o btained a D .S .I.R . g ran t for the p u rp o se. It was to be, in M alco lm 's ow n w ords, ' an u n fo rg ettab le ex perience, for w hich I shall always be gratefu l H opkins had also ju s t discovered x an th in e oxidase in m ilk and this enzym e was soon the su b ject of d etailed stu d y , for H o p k in s had already d eterm in ed , w ith ch aracteristic prescience, to sw itch th e em p h asis of studies in his labo rato ry from n u tritio n to the nascen t su b ject of enzym e catalysis. M alco lm 's research on these and o th e r topics is d escrib ed in a later section of this M em o ir. H e took his P h .D . degree in 1925, th e title of the d issertatio n being 'T h e types of o x id a tio n -re d u c tio n system , enzym ic and non -en zy m ic, p resen t in living anim al tis s u e s '.
Cambridge: the next 40 years
T h e title of th is section is no cry p tic H arro v ian allusion. F ro m 1925 to 1966, w hen M alco lm retired , his life in research and teach in g u n fo ld ed en tirely in C a m b rid g e ; to th e m o d e rn o u tsid e o b serv er it m ig h t ap p ear tra n q u il, even u n ev en tfu l, b u t to th e su b ject no d o u b t it had dram a enough.
In 1923, w hile still a research stu d en t, M alcolm was ap p o in ted by H o p k in s to a U n iv ersity senior d em o n stra to rsh ip in B iochem istry (the a p p o in tm e n t was th e n in th e gift of th e professor, n o t m ade by an A p p o in tm e n ts C o m m ittee as now ) and from 1924 to 1927 he held a senior stu d e n tsh ip of th e R oyal C o m m issio n for the E x h ib itio n of 1851. H e was b eg in n in g to acq u ire a m easu re of financial in d ep en d en ce. T e a c h in g in b io ch em istry as a sep arate su b ject in P art II of th e N atu ral Sciences T rip o s began in 1924 (P art I was to follow som e years later), coinciding w ith th e p rovisio n of a new b u ild in g to house th e fledgling d ep a rtm e n t financed in large m easu re by th e S ir W illiam D u n n T ru ste e s. M alcolm was e n tru ste d w ith a m ajor p a rt in the org an izatio n of th e p ractical classes and in 1928 he was p ro m o ted to a U n iv ersity lectu resh ip . (H is successor in th e d em o n stra to rsh ip was D r J. J. N eed h am .) H is p referen ce for P art II teach in g was gratified in 1933 w hen a large b enefaction to the U n iv ersity from th e R ockefeller T ru ste e s led, am ong o th e r th in g s, to th e creatio n of a special lectu resh ip in b io ch em istry . M alcolm was tra n sferred to this new post, th e lectu resh ip he vacated being filled by E. G . H olm es.
In his lectures at th is tim e M alcolm specialized in physical b io ch em istry , and in p a rticu la r in th e processes of biological oxidation. D r J. B. S. H aldan e, F .R .S ., th e first h o ld er of the S ir W illiam D u n n R eadership in B iochem istry, gave m ost of the lectu res on enzym es. B ut w hen H ald an e left C am b rid g e in 1932, M alco lm 's research experience w ith enzym es enab led him to assum e resp o n sib ility for teaching in this subject, a resp o n sib ility he held u n til his retirem e n t. As a lectu rer, his characteristic shyness caused h im to speak in a barely au d ib le voice. T h e co n ten t, one could dim ly perceive, was exem plary, and M alcolm was plainly en th u siastic ab o u t th e subject, b u t the w hole p erfo rm an ce was a little like a silent m ovie w ith th e su b titles w ritten on th e blackboard. H e becam e renow ned for this ap p are n t eccentricity. In consequence, his lectures w ere p ro b ab ly th e only ones w here the lecture room filled up from th e fro n t and n o t th e back, so th a t we, th e u n d erg rad u ates, could hear w hat was being said. W e w ere rew ard ed by the skilful choice of exam ple and the clarity of the exposition th a t M alcolm laid before us.
M alco lm 's in terest in enzym es was fu rth e r stren g th en ed by his direction d u rin g W o rld W ar II of a team engaged in the stu d y of the chem ical reactions of poison gases, an episode d escribed in m ore detail below . W hen the w ar was over, th e im p o rtan ce of enzym ology, and of M alco lm 's stan d in g in th e field, was publicly recognized by the U n iv ersity w ith th e creatio n of a S u b -D e p a rtm e n t of E nzym e B io chem istry w ith in the D e p a rtm e n t of B iochem istry, an d th e ap p o in tm e n t of M alcolm as its D irecto r. In a fu rth e r ack n o w led g em en t of his d istin ctio n (he had been elected F .R .S . in 1942), th e U n iv ersity also p ro m o ted him to be R ead er in E nzym e B iochem istry. M alco lm 's readership was of a kin d (S ch ed u le B, now abolished) w hich m ade h im eligible to be elected as a P rofessorial F ellow of a C ollege. In 1950 he was elected to such a F ellow ship by K in g 's C ollege. As he su b se q u en tly re c a lle d :
T his was a m em orable day for me, which considerably transform ed my existence. U p till then I had never had a Fellow ship at any College, and had very little experience of College life. For thirty years I had had no dining rights anywhere, although I had very occasionally dined in Hall by invitation. I had clim bed the U niversity ladder practically w ithout any College connection, and my life had been divided betw een my hom e and the laboratory. It will be difficult for anyone who has not had that experience to imagine how m uch it m eant to me when, at the age of 50, all that was changed. I suddenly becam e a full m em ber of a com m unity, and at K ing's of all places, whose beautiful buildings and m usic I had loved from my childhood. A lthough not a K ingsm an, I was welcomed w ith great kindness, and soon m ade a new circle of friends; I greatly enjoyed the am enities associated with my K ing's Fellow ship, and learnt m uch during my 16 years of tenure. I was especially glad that it was awarded to me during my fath er's lifetime (he died in the same year) as it gave him a great deal of pleasure.
M alco lm 's n ew -fo u n d h ap p in ess was rein fo rced six years later w hen he was m ade a 'm e m b er of th e P a r lo u r ' by his old college, E m m an u el. T h e contact this gave h im w ith a second g ro u p of Fellow s he also greatly valued.
F o r M alcolm , the decade after th e end of W o rld W ar II was highly p ro d u ctiv e in m any d ifferent ways. T h e C am b rid g e D e p a rtm e n t of B iochem istry rem ain ed a M ecca for estab lish ed and asp irin g b io ch em ists from hom e and abroad, as it had been u n d e r th e in sp iratio n al le ad er ship of F. G . H op k in s for 20 years before. A steady stream of talen ted research stu d en ts and d istin g u ish ed visitors passed th ro u g h M alco lm 's laboratory. T h re e of the fo rm er category have since been elected F .R .S .: D r B rigitte A. A skonas, P rofessor K . B u rto n and P ro fesso r V. M assey. D r A skonas and P rofessor M assey have p ain ted illu m in atin g p o rtra its of M alcolm and th e S u b -D e p a rtm e n t of E nzym e B iochem istry as they appeared to th e m at th a t tim e. D r A skonas w r ite s :
W ith his flair he suggested a topic for research (fractionation of muscle enzymes by organic solvents), produced some enzyme assay m ethods I could start with and then left me to my own devices. T his obliged me to get appropriate inform ation from various other experts. In m any ways this is a very good way of building up one's capacity to do independent research and to build up one's confidence. As science moves so rapidly at present, this policy would not work well any m ore I suspect. I also rem em ber that M alcolm gave me a single lesson on running the old type T iselius apparatus and then expected me to deal w ith all the analyses alone. It then turn ed out that M alcolm was the only person in the Biochem istry D epartm ent who m anaged to use this apparatus! T h e m ost im portant aspect of M alcolm was his fairness and his great integrity as far as scientific work was concerned. W hen the student worked independently he did not pu t his name on the publications resulting from his suggestions. I certainly feel that he helped me to establish a style of scientific research w ith high standards which has stayed w ith me for the rest of my career.
His love for apparatus [is widely known]. T h ere is no doubt that his happiest m om ents were when the International Cold C entrifuge (the first m odel) broke down and he could lie under it and repair it.
A lthough I did not follow M alcolm 's advice to work only w ith enzymes when they are crystalline and can be assayed by a spectrophotom eter, I still feel he pu t me on my feet scientifically and I owe him a great debt. P ro fesso r M assey w rites:
He was a very private m an, alm ost painfully shy, and very difficult to get to know on a personal level. Yet he invoked intense adm iration, respect and fondness from all the people that I know worked with him . Some people I think were able to break through the barrier of his shyness and get to know him better. One of these was Bob M orton and his wife Jess, who became close friends. [Professor R. K. M orton died suddenly some years later in a laboratory explosion in A delaide: his death caused M alcolm great sorrow.]
W hen I arrived in Cam bridge in 1950 to do my Ph.D . with M alcolm, the Enzym e U nit, as it was com m only known, was a flourishing, bustling concern. In A ustralia I had been working for three years in the C S IR O , working on the m etabolism of nem atode parasites. In the course of this I had found that fluoroacetate was a potent inhibitor, and had tracked down its m ode of action to blocking citrate utilization. I thought that this would be a good starting point for a Ph.D . project, but M alcolm, because of his friendship with Sir R udolph Peters, and P eters's continued active interest in fluoroacetate toxicity, ruled that out as a suitable topic. But typically he did introduce me to Sir R udolph at the earliest opportunity. Peters, of course, showed a very gracious interest in my w o rk ; indeed this interest was m aintained through the rest of his life, and he was often of m uch help to me, supplying rare chemicals and being generally supportive.
So instead of working on fluoroacetate, M alcolm set me to work on fumarase. T his enzyme had been partly purified from pig heart the previous year as a P art II Class exercise, and M alcolm thought that it would be an interesting enzyme to study. How right he was! W ithin six weeks of arrival I had pure crystals, and M alcolm was quite delighted. I suspect that he was somewhat amazed by these young A ustralians in the D epartm ent (Bob M orton, T ed T hom pson, Frank H urd and me) who used to work both night and day, a m ost unusual thing in Cam bridge at that tim e! Anyway, he quickly arranged a trip to Oxford, where Sandy Ogston and R upert Cecil determ ined both sedim entation and diffusion coefficients of the enzyme, and showed its hom ogeneity.
M alcolm Dixon and Edwin W ebb had already begun w riting their classic book 'E nzym es' when I arrived, and so had done a lot of thinking about fundam ental properties of enzymes. T hey were full of exciting ideas to test, and fumarase turned out to be an ideal enzyme for doing m any of these things. C onsequently, m any of my experim ental results got incorporated into the first edition of their book. Because of the effort involved in sifting through the literature and w riting, som etim es we did not see M alcolm m uch. But he was always available if you really got stuck and needed advice, which fortunately was rare, because of the exciting and stim ulating atm osphere of the Enzym e U nit. At that tim e, in addition to M alcolm and Edwin W ebb, there was G regorio W eber and his student D on Law rence, as well as Ita Askonas, Jennifer M oyle, G ordon W hitby, Ed Rowsell, Ken G ibson, Bob M orton and Bill Elliott. Everybody knew what each of us was doing, and there was a lot of m utually helpful discussion. T his exciting atm osphere, where you had the facilities and encouragem ent to sim ply explore whatever you w anted, provided me with the m ost valuable training of my career, and I rem ain grateful to M alcolm for providing this atm osphere, and for encouraging me to think and work independently. But as I said, he was always there when you needed him . A good example of this is when I got interested in exploring the effects of tem perature on catalysis. M alcolm encouraged this, and to help me, designed and built a water jacket surrounding two spectrophotom eter cells, to my knowledge the first therm ostatted spectrophotom eter cell unit, which was crucial to my tem perature studies.
[Everyone will know of] M alcolm 's love of instrum ents and his love of tinkering with them . In 1953 I spent the sum m er in W isconsin, working with Robert Alberty on fumarase. T here for the first tim e I had experience with a recording spectrophotom eter, and returned singing its praises. But M alcolm was reluctant to buy one, m aintaining that there was nothing that a recording spectrophotom eter could do that you couldn't do with a m anual instrum ent and a sto p w atch ! However, a couple of years later he succum bed, and bought a recording spectrophotom eter. I had left Cam bridge by this time, but next tim e I came back I was told with am usem ent that M alcolm had fallen in love with it, and in typical fashion, had partly dism antled it at one stage to make sure that he knew how it worked.
A nother very characteristic feature of M alcolm was his professional generosity to his students and postdoctoral associates. All of my papers from the five years I spent in his laboratory were published w ithout M alcolm as a coauthor, not because I w anted it that way, but because he did. T o him no am ount of intellectual contribution on his part would justify his being a co author; he had to have contributed experim entally. If you look through the papers that came from the D epartm ent at that tim e you will see that this rule was applied by M alcolm quite uniform ly to his students and associates. W hat a different age that was from the present! W ith regard to lab oratory in stru m en ts, those form ative ch ild h o o d years spent in the g arden carp e n try shed and in rap t co n tem p latio n of his fa th e r's L in o ty p e settin g m ach in es w ere clearly paying off. A later research s tu d e n t, K . F. T ip to n (now P ro fesso r of B iochem istry at T rin ity C ollege, D u b lin ) recalls th a t ' he was one of th e first th a t I know of w ho assem bled a S inclair calcu lato r fro m a kit. H e was ab o u t th e only p erso n th a t I know w ho assem bled one th a t w orked first tim e. T h e re was little m echanical th a t d id n o t c ap tu re his in terest. T h e m akings o f a C hinesech ara cter ty p e w rite r w ere a fre q u e n t to p ic o f his conversation. ' A n d d esp ite his relu ctan ce to take a leading p a rt in co m m ittee w ork, M alcolm did his share of U n iv ersity ad m in istrativ e d u ty . T h u s he served on th e B oard of R esearch S tu d ies , th e C ouncil of th e School of Biological Sciences (1944-51) , th e F acu lty B oard of Biology 'B ' (1939-46) , its D eg ree C o m m ittee and its A p p o in tm en ts C o m m ittee (1949-53 and 1964) , and th e C ouncil of th e C am b rid g e P hilosophical Society (1 9 4 7 -5 0 and 1957-63). O u tsid e th e U n iv ersity , he was a m e m b er of th e M .R .C . D en tal R esearch C o m m ittee , th e B iochem ical S ociety C o m m ittee , th e N atio n al C o m m ittee for B iochem istry and several co m m ittees, especially the E nzym e P anel (of w hich he was C h airm an 1955-61), of th e M in istry of S u p p ly C hem ical D efence A dvisory B oard.
A lth o u g h he h im self trav elled little ab ro ad , M alco lm 's influence was felt overseas in o th e r ways th a t m ig h t have su rp rised him . F o r exam ple, am ong his collab o rato rs in C am b rid g e before th e w ar had been L u is L elo ir (later P rofesso r L. F. L eloir, F o r.M e m .R .S ., N obel L au reate in C h em istry , D ire c to r of th e In s titu to de Investigaciones B ioquim icas, F u n d a sio n C am p o m ar in B uenos A ires). L elo ir has in d icated th a t M alcolm cam e to play an im p o rta n t p a rt in the d ev elo p m en t o f A rg en tin e b io ch em istry th ro u g h his su p erv isio n of a succession of research stu d en ts fu n d ed by th e B ritish C o u n cil: A. O. M . S to p p an i (later P rofessor of B iochem istry in B uenos A ires and P resid en t of the A rg en tin e A cadem y of E xact S ciences); R. C ap u tto (later P rofessor of B iochem istry in C ordoba, A rg en tin a ); and G . W eb er (w ho did n o t re tu rn p erm an en tly to A rg en tin a b u t later becam e P ro fesso r of B iochem istry at th e U n iv ersity of Illinois). T h is im pressive series of A rg en tin ian P h .D . stu d en ts cu lm in ated w ith C. M ilstein (later F .R .S ., N obel L au reate in Physiology or M edicine), w hom M alcolm su pervised from 1958 to 1961 and who sh o rtly re tu rn e d from A rg en tin a to C am b rid g e, w here he is cu rren tly D e p u ty D irecto r of th e M .R .C . L ab o ra to ry of M olecu lar Biology.
In 1956 a new challenge arose w hich was to claim m u ch of M alco lm 's tim e for the next six years. T h is was the C om m ission on E nzym es ap p o in ted by th e In tern a tio n a l U n io n of B iochem istry. R ath er against his will, M alcolm was p ersu ad ed to be C h airm an of th e C om m ission. Its w ork has proved to be of lasting significance and is d escribed in m ore detail below . H ap p ily , m u ch of w hat needed to be done by the C om m ission had been anticip ated , at least in p art, by M alcolm D ixon and E. C. W ebb in p rep arin g for th e p u b licatio n of th e ir enorm ously influential book Enzymes. T h is was due to be p u b lish e d tw o years later. T h e book was justifiab ly a b est seller and th e p ro d u c tio n of tw o m ore editions was to occupy M alcolm for a fu rth e r tw o decades, tak in g him well into retirem e n t. A n ap p reciatio n of th is book an d its im p act w orldw ide on th e stu d y of enzym es is in c lu d ed in th e d escrip tio n of M alco lm 's research later in th is m em oir.
B ut life was n o t all u n re m ittin g w ork, even for th e shy an M o to rin g too gave M alcolm great pleasure. In th e 1950s he ow ned an elderly b lue-grey H illm an to u re r in w hich, occasionally, after a m o rn in g sp en t ren d erin g it im m acu late w ith polish in g clo th and v acu u m cleaner, he w ould co n d u ct a carefully selected p arty of guests, often research stu d en ts, on an equally carefully p lan n ed exp ed itio n . T h e d estin atio n was freq u en tly W h ip sn ad e Zoo or H atfield F o rest, and a su m p tu o u s picnic tea w ould be provid ed . In th e 1960s th e H illm an to u re r h ad given way to a Jag u ar 3.4 litre sp o rts saloon. T h is car, at first sight a som ew hat im p ro b ab le vehicle for som eone of M alco lm 's u n u su ally q u ie t d isp o si tion, was som etim es driv en by him in an im p ro b ab ly sp o rtin g m an n er. If, as W . C. F ields has it, inside every fat m an th e re is a th in m an try in g to get out, so w ith M alcolm D ix o n th e re w ere these occasional glim pses of a m ore ad v en tu ro u s sp irit, an im p ish h u m o u r, at variance w ith his norm ally staid dem ean o u r. H e gave up driv in g , w ith g reat relu ctan ce and sadness, only late in life.
M alcolm retired on 30 S ep te m b er 1966, th e first m e m b er of staff of th e D e p a rtm e n t of B iochem istry to do so, at th e co m p u lso ry retirin g age of 67 years. T o his great pleasure, and to th a t of his n u m e ro u s frien d s and colleagues, he had been ap p o in ted P ro fesso r of E nzym e B iochem istry ju s t nine m o n th s before, on 1 Jan u ary 1966. K in g 's College elected h im into an H o n o rary F ellow ship in 1968 and he em b ark ed on w hat tu rn e d o u t to be alm ost 20 years of th o ro u g h ly enjoyable and largely health y retirem en t. proceed. O ften we (his team ) would not see him for days, or even weeks, at a tim e. T h is was particularly true if we had results which were difficult to interpret, and were uncertain w hat to do next. W hen he did reappear the problem would have been solved, often with a detailed kinetic treatm ent m eticulously set out in his small, neat handw riting on m any sheets of paper, or occasionally on long lengths of toilet paper. His own experim ents were very infrequent, and always preceded by m any days of preparation, in which we were all involved, before the chosen day on which the six or eight W arburg or Barcroft m anom eters were set up. T he results were always cle a rc u t; he knew in advance exactly what the experim ent would show, and actually doing the experim ent always seemed to be ju st a form ality T he results were taken down in a bound graph book and the calculations and plotting carried out as the experim ent proceeded. Before it ended the conclusions stood out clearly from the neat, hand-draw n graphs.
T h e results of th e research w ere p resen ted to the M in istry in a series of 33 papers w hich becam e know n as 'D ix o n r e p o r ts ', alth o u g h n o t all w ere w ritten by M alcolm him self. M u ch of th e w ork, 'classified ' at the tim e, was p u b lish ed after th e w ar and is d escribed below . It c o n trib u te d significantly to th e rap id p o stw ar d ev elo p m en t of the chem ical stu d y of enzym es.
T he Enzyme Commission, 1956-61
By the early 1950s research in enzym ology was being p u rsu e d in m any laboratories a ro u n d th e w orld. T h e n u m b e r of enzym es know n and isolated was grow ing by leaps an d b o u n d s, and new enzym es w ere being nam ed, often h aph azard ly , by th e ir discoverers. T o rescue th e su b ject from im m in en t confusion, th e In te rn a tio n a l U n io n of B io ch em istry ap p o in ted in 1956 a C o m m ission on E nzym es w hose term s of reference w ere 'T o consider th e classification and n o m e n clatu re of enzym es and coenzym es, th e ir u n its of activity and stan d ard m eth o d s of assay, to g e th er w ith the sym bols used in th e d escrip tio n of enzym e k in e tic s ', and w hose m e m b ersh ip was A. E. B rau n stein (U .S .S .R ), S. P. C olow ick T h e travelling en tailed in th e w ork of th e E nzym e C o m m issio n an d th e p resen ta tio n of its rep o rt was rare for M alcolm . H e nev er d id visit th e U n ite d S tates. H e was greatly relieved w hen in 1961 th e C o m m issio n was dissolved and he was released to tu rn his a tten tio n to o th e r th in g s, n o tab ly th e p re p a ra tio n w ith E. C. W eb b of a second ed itio n of Enzymes.
T h e reco m m en d atio n s of th e E nzym e C o m m issio n have p ro v ed to be of lasting w orth. T h e system of n o m en clatu re has been retain ed , th e identification of any enzym e being facilitated by an associated EC n u m b e r th a t precedes its form al nam e. T h e list is k ep t up to date, and new issues are co n sid ered as they arise, by a successor N o m en clatu re C o m m ittee of th e In tern a tio n a l U n io n of B iochem istry.
Retirement
A fte r 1966 M alco lm c o n tin u ed to live in th e house, 27 P arkside, in w h ich he had sp en t m o st of his earlier life. F o r at least th e first 10 years of his re tire m e n t, he was a fam iliar face in th e D e p a rtm e n t of B io c h em istry as he b u sied h im self w ith th e th ird ed itio n of Enzymes. H e an d E d w in W eb b (by th e n P ro fesso r of B io ch em istry in th e U n iv ersity of Q u e e n sla n d an d later V ice-C h an cello r of M acq u arie U n iv ersity in A u stralia) w ere jo in e d as c o -a u th o rs by D r C. J. R. T h o rn e and D r (later P ro fesso r) K . F. T ip to n . T h e book ap p eared in 1979, n o t long after M a lc o lm 's 80th b irth d a y . H e co n d u cted his affairs fro m a sm all room on th e th ird floor of th e D e p a rtm e n t's H a rd y B uild in g (the fo rm er L ow T e m p e ra tu re R esearch S tatio n ). Som e idea of his general good h u m o u r an d alertn ess at th a t tim e can be g ath ered from th e reply he w rote, d ated 19 O c to b e r 1978, to a le tte r from th e H ead of D e p a rtm e n t, P ro fesso r H . L . K o rn b e rg , F .R .S ., ex p ressin g th e co n cern felt by all of us at the la b o u re d ascent M alco lm h ad to u n d erta k e to reach th is ro o m :
T h a n k you so m uch for your very kind letter giving me an option of a room on the ground floor. I should like to put my thoughts on paper and then come and talk to you in a few days.
N ow th at the book is finished and it seems unlikely that I shall do any m ore w orth-w hile research, I have been w ondering w hether I should be justified in retaining a room at all. It depends on w hether the pressure on space is as great as it was a few years ago, and I d o n 't know w hether it is. I shall certainly not want a bench equipped for chemical work with taps and sinks. O n the other hand after the book appears I shall probably have a certain am ount of correspondence to deal with, perhaps extending over a year, judging from previous experience. So I need a table for my typew riter (I do all my own typing). Also visitors som etim es come in to discuss things, and it is pleasant not to be cram ped and to have three reasonably com fortable chairs. O ther things which help are room to spread papers, good lighting in a cheerful room, a telephone on the table, space for a filing cabinet, and so on.
All these things I have had in my present room, which has been alm ost ideal for the work I have been doing, and I have been very happy there. It has a few disadvantages of course. T here are the 50 steps up and no lift, and I get a little short of breath when I arrive there. But as long as I take them slowly I have no ill effects, though of course in a year's tim e things may be different. A nother slight drawback is a tendency of the skylights to leak round the edges during rainstorm s, though one soon learns not to put im portant papers on certain places on the tab le -to p s! Perhaps m ore noticeable are the black flakes from the furnace chim ney, which have a tendency to blow in through the cracks and settle on one's papers. Finally there is the fact that people have to pass through the room to reach the rooms beyond. But this is very infrequent and does not disturb me at all; the people are very considerate.
You will already have gathered that I am rather in favour of 'staying p u t ', bu t I would like to think it over for a day or two longer. In any case I am grateful to you for giving me a choice. M alcolm broke his leg in a fall at hom e in D ecem b er 1980, clam b erin g back th ro u g h an u p stairs w indow from a perilo u s ex p ed itio n to clear snow from his g u tters! H e recovered b u t was seen m u ch less ab o u t th e d ep a rtm e n t. H e was pleased to w elcom e th e occasional v isito r at his house, usually by ap p o in tm en t, and h ap p y to receive new s of th e activities of th e d e p a rtm e n t and its inm ates. D r H . B. F. D ix o n (no relation), a lo n g -sta n d in g m em b er of th e academ ic staff of th e D e p a rtm e n t of B iochem istry and V ice-P ro v o st of K in g 's College, was a freq u en t caller. M alco lm 's last years w ere m a rre d for h im in one p articu la r regard, nam ely his increasing deafness, w hich m ade conversation corresp o n d in g ly difficult an d d ep riv ed h im of his beloved m usic. H e died on 7 D ecem b er 1985, aged 86. H is piano he gave to his u n d erg rad u ate College, E m m an u el. M iss H elen B utler, w ho w orked as a m aid first for M alco lm 's p aren ts and th e n for M alcolm h im self for over 50 years, donated his longcase clock to K in g 's C ollege in his m em ory. It had been given to his fath er to m ark his retirem e n t from th e Ely D iocesan B oard of F inance.
A large congregation a tten d ed his m em o rial service h eld in K in g 's College C hapel on 8 M arch 1986. N o d o u b t he w ould have felt h im self un ab le to say very m uch, or to say it very loudly, in th a t m ajestic setting. B ut, if one closed o n e's eyes, it was n o t difficult to co njure him u p telling us, w ith th a t shy sm ile of his, how grateful he was to us all for being p resen t and how m u ch he was enjoying the m usic.
Religious conviction
T h is d escrip tio n of M alco lm D ix o n 's life w o u ld n o t be com plete w ith o u t m e n tio n of his C h ristian beliefs, w hich stro n g ly influenced his b eh av io u r. H e d escrib ed th e m h im self as follow s:
N ot long before entering the University (but before reading Paley) [see above] I became convinced, after a period of questioning, of the truth of Christianity as set forth in the New Testament, and this conviction, which has strengthened with the years, has been an abiding source of inward happiness and serenity. I was never conscious of the least need to erect a barrier between Christianity and science; some idea of my outlook may perhaps be obtained from Nos 60 and 74 in the list of my publications.
M alcolm was an active m e m b er of th e con g reg atio n of th e R o u n d C h u rc h in C am b rid g e, w here he could be fo u n d h an d in g o u t th e h y m n books before th e service. C h aracteristically he n o rm ally eschew ed any m ore p ro m in e n t role. B ut he was n o t w ith o u t influence an d he h ad com e fo rw ard in th e p ast w hen he felt th e call to do so. D r O liver R. Barclay, w ritin g on b eh alf of th e U n iv ersities and C olleges C h ristian F ellow ship of E vangelical U n io n s, co m m en ted after M alco lm 's d e a th :
Although Malcolm Dixon was an extremely shy man, his influence in Christian circles was far from negligible. In the 30's and 40's when very few academics of good standing were willing to associate themselves with the Christian Union and the growing movement that is now the Universities and Colleges Christian Fellowship, Malcolm Dixon never hesitated to identify himself. This does not mean that he was uncritical. He could speak out when he thought there was a lack of intellectual clarity or integrity. Nevertheless the quiet support of someone as distinguished as he was an encouragement to many. He was for many years an Honorary Vice President of the C IC C U [Cambridge Inter-Collegiate Christian Union] and of the U CCF. He only gave public addresses occasionally, usually on questions in relation between science and faith where his thinking was shrewd and constructive, and helped many to avoid the naive attitudes which are not uncommon. He laid some foundations of an approach to science and faith on which others were able to build.
Research
In any co n sid eratio n of M alcolm D ix o n 's co n trib u tio n to th e stu d y of enzym es and th e processes of biological oxidation it is im p o rtan t to reflect first on w hat was n o t know n in 1921, th e year he began research. A lth o u g h th e activities of enzym es had been recognized for m any years, cen tu ries even, the n a tu re of enzym es was still a m a tter of vigorous, and som etim es inflam ed, debate. T h e serious purification of enzym es did not begin u n til after 1920, m ostly in th e lab oratory of R ich ard W illsta tter and his colleagues; and, as we shall see, M alcolm and his collaborators, in th e ir w ork on x an th in e oxidase, m ade significant co n trib u tio n s to th is p rim itiv e phase of the su bject. It was only in 1926 th a t S u m n e r achieved the first crystallization of an enzym e, urease, and an n o u n ced it to be a protein. T h e claim was sto u tly resisted by W illsta tte r and it took th e w ork of N o rth ro p , betw een 1930 and 1935, on th e isolation of cry stallin e proteolytic enzym es, to force th e conclusion th a t enzym es are p ro tein s. (It is chastening to note th a t even th is h ith e rto u n assailable dogm a now has its exception w ith the discovery of enzym ic activity in certain m olecules of R N A (C ech & Bass 1986).)
Sim ilarly, the n ico tin am id e and flavin coenzym es w ere n o t p ro p erly isolated and characterized u n til th e 1930s, p rin cip ally by O tto W arb u rg and his collaborato rs, and th e cy to ch ro m e system was red isco v ered by D avid K eilin only in 1925. M alcolm D ix o n and D av id K eilin becam e firm frien d s and enjoyed a fru itfu l collab o ratio n so rtin g o u t the relatio n sh ip of d eh y d ro g en ases an d the cy to ch ro m e system to the processes of cellular resp iratio n . R eco rd in g sp ectro p h o to m etry , and especially the pow erful sep aratio n tech n iq u es of electro p h o resis, ch ro m a to g rap h y and gel filtration, lay far into th e fu tu re, and such centrifuges as th e re w ere needed to be tu rn e d by h and. Single enzym e tu rn o v ers could h ard ly be co n tem p lated w h en th e favoured m e th o d of observing enzym ic activity had to be m a n o m etry .
In 1921 H op k in s had ju s t discovered g lu tath io n e. It was co n sid ered possible th a t this novel trip e p tid e m ig h t fu n ctio n as a h y d ro g en carrier in resp iratio n , becom ing altern ately oxidized by oxygen and red u ced by su b strates. F ro m th e ir ex am in atio n of m in ced m uscle ex tracts, how ever, H op k in s and M alcolm D ix o n w ere led to co nclude th a t it was n o t a cofactor in norm al resp iratio n (1)# . W ith H . E. T u n n icliffe (2) and w ith J. H . Q uastel (later F .R .S .) (3), M alcolm w en t on to stu d y th e o x id atio n of g lu tath io n e and o th e r thiols by m o lecular oxygen and m easu red th e redox potential of the th io l-d isu lp h id e system to d eterm in e its place on the biological redox scale. B ut th e g lu tath io n e p re p aratio n was still im p u re (it was in fact th o u g h t to be a d ip e p tid e of g lu tam ic acid and cysteine at th a t stage) and th e situ atio n was u n w ittin g ly co m p licated by the traces of m etals p resen t th a t could have help ed catalyse the o xidation process.
Som e eight or n in e years later, w hen H o p k in s had succeeded in p u rifying g lu tath io n e and estab lish in g its stru c tu re , M alcolm re tu rn e d to these questions (21, 23) . H e show ed by m a n o m etry th a t the p u re trip e p tid e was oxidized slowly according to th e eq u atio n 4 G S H + 0 2-----» 2 G S S G + 2 H aO and, since the oxidation was in h ib ite d by cyanide, in ferred th a t it was catalysed by trace m etals. H aem atin had little effect on th e oxidation, N u m b e rs given in th is form refer to e n trie s in the b ib lio g ra p h y at the en d of th e text.
suggesting th a t g lu tath io n e d id n o t in teract w ith th e new ly discovered cy to ch ro m e system . N o single role for g lu tath io n e has since em erg ed b u t it has in fact been id entified as critically im p o rta n t in m a in tain in g th e redox balance of cells an d in biological processes as rem o te from resp iratio n as D N A b io sy n th esis and x en o b io tic m etab o lism (M an tle 1987).
In 1921 H o p k in s h ad also ju s t discovered x an th in e oxidase in m ilk. In itially w ith Sylvia T h u rlo w (4 -6 , 9) and later w ith o th ers (11, 16, 28, 30) M alcolm was soon em b ark ed on a stu d y of the pu rificatio n and p ro p e rtie s of this enzym e w hich was to occupy h im on and off for th e n ex t 15 years and w hich gave h im a lasting in terest in flavoproteins. In M alco lm 's ow n w o rd s:
One day in 1922, while testing milk for xanthine oxidase activity, I recalled the exercise which I had done in class two years before of separating milk into different protein fractions by salt precipitation, and I w ondered what would happen to the enzym e activity when this was done. W ould it be divided betw een the different fractions, or would it all go into one fraction ? W hen I tried it, I was excited to find that all the activity was precipitated with one fraction. T h u s began what m ust have been one of the first, if not the first, purifications of an enzyme from animal tissues. By successive fractionations (refs. 4, 11, 28, 30) we purified it over 50-fold on a protein basis. We had no way of telling how pure it was, but, as m ight have been expected for those days, we now know that it was far from pure.
A p art from the am m o n iu m su lp h ate fractio n atio n ju s t referred to, the purification involved th e use of ren n in (actually B irk s' Ju n k e t P o w d er!) to coagulate ex tran eo u s m ilk p ro tein s, leaving th e oxidase in th e w hey. T h is was follow ed by differential ad so rp tio n s, on charcoal (to w hich x an th in e oxidase d id n o t b in d ) and kaolin (to w hich it did).
T h e stu d y of this enzym e c o n trib u te d significantly to th e elucid atio n of th e n a tu re of dehydrogenases. M alcolm d em o n strated th a t only x an th in e or h y p o x an th in e could act as h y d ro g en d o n o rs b u t th a t th e acceptor, such as m eth y len e blue, could vary w idely (10). T h u rlo w (1925) was able to show th a t th e enzym e red u ced m o lecu lar oxygen directly to h y d ro g en peroxide, a resu lt g reeted w ith som e o p p o sitio n elsew here for it ran c o u n ter to a w idely held view th a t any h y d ro g en peroxide was gen erated by hydrolysis of organic peroxides form ed betw een su b strate and oxygen. In a parallel stu d y (8), M alcolm show ed th a t th e hy d ro g en peroxide form ed in th e enzym ic reaction inactivated th e enzym e and th a t th e in h ib itio n could be relieved by th e ad d itio n of catalase, an early d em o n stratio n of th e p o ten tial for p ro tectio n against peroxide afforded by this otherw ise puzzling enzym e. T h e gen eratio n of hy d ro g en peroxide is now of course fully accepted as a com m on p ro p erty of flavoprotein oxidases, to w hich class of enzym e x an th in e oxidase belongs.
M alcolm was som ew hat slow to accept x an th in e oxidase as a flavoprotein, p erh ap s because of his occasionally strain ed relations w ith O tto W arb u rg , of w hich I have m ore to say below . M alcolm D ix o n and Sylvia T h u rlo w (9) had d em o n strated early on th a t x an th in e oxidase was n o t in h ib ited by cyanide, unlike so m any resp irato ry processes. F ollow ing the discovery of th e cy an id e-stab le lactoflavin (F M N ) system by W a rb u rg and C h ristian in 1932, M alcolm D ix o n and D avid G reen (28) re exam ined th e ir x an th in e oxidase p re p aratio n b u t w ere u n ab le to d em o n strate any d ep en d en ce on lactoflavin. E ven as late as 1939, in a searching review of biological oxid atio n (42), M alcolm was n o t convinced th a t x an th in e oxidase d ep en d e d on F A D for its activity, th o u g h w ith characteristic scru p u lo u s fairness he drew atten tio n to th e claim s of E. G . Ball (from W a rb u rg 's lab o rato ry ) and H . S. C o rran and D . E. G reen (from C am bridge) th a t it was a flavoprotein. T h e re was of course no inkling th at, as we now know , th e enzym e also co ntains m o ly b d en u m and n o n -h aem iron w hich are essential for its activity.
T h is review (42) is im p o rta n t for tw o o th e r reasons. F irst, for th e lig h t it throw s on th e state of know ledge ab o u t th e b io ch em istry of th e resp irato ry chain im m ed iately before W o rld W ar II. M u ch of th e discussion is devoted to a co n sid eratio n of d iaphorase, th e link betw een the n icotinam ide coenzym es (C o l or D P N an d C o ll or T P N ) of th e dehydrogenases and th e cy to ch ro m e system th a t in teracts w ith m olecular oxygen. D iap h o rase (otherw ise know n as 'coenzym e f a c to r ' by G reen and his colleagues) had recen tly been identified as a flavoprotein. A m ore co h eren t p a tte rn was b eg in n in g to em erge, en ab lin g M alcolm to c o n c lu d e :
T h e identification of diaphorase as a flavoprotein brings a som ew hat greater uniform ity into the subject for it now appears that the oxidation of the reduced coenzymes by cytochrom e is always catalysed by one or other of the flavoproteins.
Secondly, the review foreshadow s M alco lm 's fu tu re concern w ith system atic n o m en clatu re of enzym es and coenzym es. H e m akes a m ajor effort to reconcile th e W a rb u rg term in o lo g y w ith th a t of o th e r w orkers, am ong his exam ples being th e clash betw een p ro tein and dehy d ro g en ase and betw een D P N and C o l (now N A D ) and T P N and C o ll (now N A D P ). H e was to re tu rn to this as C h airm an of the E nzym e C om m ission som e 20 years later (see above).
H e was also to com e back to an active stu d y of flavoproteins q u ite late in his career. W ith K . K leppe, a p o std o cto ral visitor from N orw ay, he p u b lish ed an im p o rta n t series of p ap ers on D -am ino acid oxidase, detailing th e kinetics and th erm o d y n am ics of association of th e F A D coenzym e w ith the ap o p ro tein (89), th e su b strate and in h ib ito r specificity (90) and the effect of p H on th e kinetic co n stan ts (91). In quick succession th ere follow ed a com p an io n p ap er, w ith P. K en w o rth y (96), on the isolation of D -aspartate oxidase, and th e ch aracterizatio n of its considerable differences from th e b e tte r know n D-am ino acid oxidase.
T h is w ork was follow ed by a m u c h -n e e d e d survey of th e reactivity of red u ce d flavins w ith th e redox acceptors in co m m o n use, and th e extension of this to a w ide range of k now n flavoproteins (99-101). T h e se studies, p u b lish e d w h en M alco lm was 72 years of age, w ere by h im as sole au th o r, and are rem ark ab le te stim o n y to his ex p erim en tal skill an d a tte n tion to detail, w hich rem ain ed w ith h im th ro u g h th e w hole of his life.
T h e o xidation of ald eh y d es by m eth y len e b lu e in th e p resence of m ilk had been discovered by S ch ard in g e r in 1902. In th e ir initial stu d ies of th e p u rified x an th in e oxidase, M alco lm D ix o n an d Sylvia T h u rlo w (5) had ten tativ ely co n clu d ed th a t th e S ch ard in g e r aldehyde oxidase an d x an th in e oxidase m ig h t be one an d th e sam e. T h is conclusion was seriously q u estio n ed by W ielan d and co-w orkers. O v er a p erio d of years M alcolm p u rsu e d th is p o in t, for exam ple w ith D av id K eilin (31), and in due course was able to d em o n strate th a t th e tw o enzym es fulfilled an exhaustive set of criteria, developed fro m J. B. S. H ald an e, for testin g th e ir id en tity (40). T h e se criteria involved a co m p ariso n of th e d istrib u tio n , physical p ro p erties, kinetic p ro p erties, irrev ersib le in activ atio n , and response to m ixed su b strates, of th e enzym es. By th e sam e token, x an th in e oxidase was clearly d istin g u ish ed fro m aldehyde m utase, an enzym e (later show n by o th ers to be tw o N A D -lin k e d deh y d ro g en ases) w hich M alcolm had been stu d y in g w ith C ecilia L u tw a k -M a n n (35, 36, 38, 41) .
M alcolm becam e acq u ain ted w ith D av id K eilin ab o u t 1926, soon after th e la tte r's discovery of th e cy to ch ro m e system , and th e ir com m on in terests in th e processes of biological o x idation m a tu re d into 20 years of discussion and collab o ratio n . M alcolm was already in terested in th e use of cyanide and carb o n m ono x id e as in h ib ito rs of these processes and was im p ressed by K e ilin 's finding of th e ir in h ib ito ry effect on cy to ch ro m e oxidase. (In cid e n tally M alcolm believed th a t he h im self was th e first to suggest th e nam e 'cy to ch ro m e o x id a se ', in 1929, in a footnote on page 385 of a review (20) of o x idation m ech an ism s in anim al tissues.) In th e n ex t few years, D av id K eilin and M alcolm D ix o n w ere b o th to com e into b ru isin g conflict w ith O tto W a rb u rg as they p u rsu e d this com m on in terest.
A ccording to W arb u rg , all resp iratio n was ch an n elled th ro u g h an iro nco n tain in g resp irato ry enzym e, or ' A tm u n g sferm e n t ' (later identified w ith cy tochrom e oxidase). As x an th in e oxidase h ad been show n by M alcolm D ixon and Sylvia T h u rlo w (9) n o t to be in h ib ite d by cyanide, W a rb u rg dism issed it as a p o ten tial c o n trib u to r to cell resp iratio n . H e later w ent fu rth e r and dism issed th e enzym es x an th in e oxidase and succinoxidase as ' N ied ersch lag e aus Z ellex trak ten ' (W arb u rg 1925) . In response, M alcolm D ixon and K . A. C. E llio tt (19) carried o ut a survey of th e effects of cyanide on a range of anim al tissues and d em o n strated th a t som e 1 0 -4 0 % of resp iratio n , d ep en d in g on the tissue, escaped in h ib itio n and m u st th erefo re be in d e p en d en t of th e A tm u n g sferm en t. T h e y rem arked th a t 'far from being m ere p recip itates of cell extracts, [xanthine oxidase and succinoxidase] are tw o of th e m ost sh arp ly defined and specific enzym es k n o w n ' (19). T h is b ro u g h t th e full w rath of W arb u rg dow n on M alco lm 's head. In 1931 W a rb u rg p u b lish e d a p ap er (W arb u rg 1931) o r, dass die R eferen ten en tw ed er n ic h t fahig oder n ich t gew illt sind, falsche V ersuche von rich tig en zu u n tersch eid en 'f .
M alcolm felt h u rt by th is exchange. H e was of th e op in io n th a t his rep u ta tio n , especially ab ro ad , was badly d am aged by an open assault from som eone of W a rb u rg 's d istin ctio n . F ollow ing th e advice of frien d s (w rongly he later th o u g h t) n o t to d efend h im self p u b licly, he chose instead over th e n ex t tw o years to rep eat all th e ex p erim en ts and to assure him self th a t th e re w ere no erro rs in the m an o m etric m easu rem en ts. H e was in due course v in d ic a te d : it is now accepted th a t th e re are biological oxidations m ediated by flavoprotein oxidases, by m icrosom al cy to ch ro m e system s and others, th a t are n o t fu n n elled th ro u g h cy to ch ro m e oxidase. T h e re is indeed a p ro p o rtio n of resp iratio n th a t is cy an id e-stab le. P rofessor K. F. T ip to n has recalled th a t W a rb u rg was th e only p erso n of w hom he ever h eard M alcolm say an u n k in d w ord.
B ut if M alco lm 's career d id suffer an u n d eserv ed setback at th is ju n c tu re , th ere was a positive side to it as well. B ecause of his intensive and self-im posed stu d y of m an o m etric te ch n iq u e to dispel any fears of an u n d erly in g substan ce to W a rb u rg 's criticism , he becam e ex p ert in th e theory and use of m an o m eters. T h is led to a course of lectu res on th e subject in P art II b io ch em istry and to his first book, Manometric , p u b lish ed in 1934 (26). T h is was typical of all M alco lm 's books, rig o ro u s and lucid in its exposition of a su b ject th a t had h ith e rto n o t been well codified, yet offering so u n d practical advice to th e bio ch em ist w orking at the bench. Its p o p u larity was assured. A second ed itio n was p u b lish e d in 1943 (48) and a th ird in 1951 (59). M any of us w ho w ere forced to stru g g le (endlessly it seem ed) w ith m an o m eters -to d a y 's u n d erg rad u ates co m plain about p ip e ttin g and sp ectro p h o to m etry m u ch as we d id ab o u t m an o m etry -had cause to be g ratefu l to M alcolm b o th for the book and for the set of nom ogram s co n stru cted later (49, 51, 58) w hich took m u ch of the pain o u t of calculating th e m an o m eter co n stan ts.
In 1931, M alcolm , D avid K eilin and R o bin H ill co llab o rated to d eterm in e the first ab so rp tio n sp ectru m of a cytochrom e, cy to ch ro m e c (24). T h is was done m anually, of course, m atch in g light in ten sities by visual in sp ectio n at each w avelength. T h e lab o u r involved im p ressed itself on M alcolm and he had desig n ed and p artly c o n stru cted a p h o to e lectric in s tru m e n t w h en th e first B eckm an sp e ctro p h o to m eter ap p eared , causing h im to ab an d o n th e p ro ject. In view of th e im p o rtan ce of bein g able to m easu re cell resp iratio n in th e p resence of C 0 2, he and D av id K eilin th e n devised a special m a n o m ete r for th e p u rp o se (25), an in s tru m e n t w hich M alcolm later developed to p erm it m e asu re m en ts of glycolysis in bufferin g so lu tio n s, e.g. seru m (32, 39). T h e y renew ed th e ir co llab o ratio n in 1934-35 w hen M alcolm took sabbatical leave and sp en t six m o n th s of it in th e M o lten o In s titu te , som e 50 yards from th e D e p a rtm e n t of B io ch em istry , d ev o tin g th e rem a in d er to a m o to rin g to u r of G re a t B ritain w ith an u ncle hom e fro m A ustralia. (In cid en tally , his only o th e r sabbatical leave was taken in 1954-55 w ritin g the first ed itio n of Enzym es in K in g 's C ollege, som e 400 yard s from th e d e p a rtm e n t.) T h e y p ro d u c e d fu rth e r evidence for th e id e n tity of x an th in e oxidase and th e S ch ard in g e r enzym e and m ade th e im p o rta n t discovery th a t in d istin ctio n to th e in stan tan eo u s e q u ilib riu m -ty p e reversible in h ib itio n ex h ib ited w ith cy to ch ro m e oxidase, cyanide led to a slow irrev ersib le inactivation of x an th in e oxidase (31). T h e y also show ed th a t th e earlier observ atio n th a t th e enzym e was n o t in h ib ite d by cyanide (9) was due to th e rem ark ab le p ro tectiv e action of th e su b strate. In activ atio n of th e enzym e by cyanide was later fo u n d to be due to cyanolysis of an essential su lp h u r atom associated w ith th e m o ly b d en u m cen tre, th e redox cen tre of th e enzym e now know n to in teract w ith p u rin e su b strates (M assey & E d m o n d so n 1970).
T h e in h ib itio n of glycolysis and ferm e n tatio n by iodoacetic acid was well know n and w idely ex p lo ited in th e 1930s in th e search for in term ed iates in these biochem ical pathw ays. M alcolm surveyed th e know n enzym es of ferm en tatio n in yeast ex tracts and fo u n d th a t alcohol d eh ydrogenase was th e enzym e m o st sensitive to th e in h ib ito r, w ith trio se p h o sp h ate deh y d ro g en ase (later identified by o th ers as glyceraldehyde 3-p h o sp h ate d eh ydrogenase) as th e only o th e r serious can d id ate for the site of in h ib itio n . T h e co rresp o n d in g lactate d e h y d ro genase of m uscle ex tracts was found n o t to be in h ib ited by iodoacetic acid (33). M alco lm 's colleagues, D . E. G reen , D o ro th y M . M . N eed h am and J. G . D ew an, co rrectly p in p o in ted trio se p h o sp h ate deh y d ro g en ase as the susceptible enzym e in m uscle, and in the follow ing year L. R apkine associated the in h ib itio n w ith alkylation of essential thiol gro u p s in the enzym e. B ut it was to be an o th er 25 years before th e dev elo p m en t of m ore incisive p ro tein chem ical m eth o d s enabled th e critical am ino acid in glyceraldehyde 3 -p h o sp h ate deh y d ro g en ase to be identified (H arris et al. 1963) . It tu rn e d o u t to be a u n iq u e cysteine residue th a t n o rm ally acts to carry th e su b strate in th io ester linkage, reacting irrev ersib ly th u s : (54, 56) . H is ow n p artic u la r in terests appear to have been the lach ry m ato rs (52, 56) and m u sta rd gas (52, 54). M alcolm and his colleagues discovered th a t lach ry m ato rs of th e ty p e R C O C H^X (w here X is a halogen) an d R 'C O C H^C H g w ere p articu larly effective in in h ib itin g enzym es th a t ap p eared to d ep en d on -S H g ro u p s for th e ir activity an d M alcolm ratio n alized th is by p ro p o sin g th a t b o th types of co m p o u n d are su scep tib le to n u cleo p h ilic attack by th e thiol g roup in the enzym e, e.g.
As expected, therefo re, in th e lig h t of th e w ork on iodoacetic acid ju s t described, the lach ry m ato rs w ere fo u n d to be stro n g in h ib ito rs of cell resp iratio n and glycolysis. T h e ir site of action was show n to be th e corneal n erv e-en d in g s (52, 54). M u sta rd gas was reg ard ed as one o f th e greatest dan g ers and it received m u ch of M alco lm 's personal atten tio n (52). V ery little was know n ab o u t the b io ch em istry of skin. T o g e th e r w ith D o ro th y N eed h am , M alcolm show ed th a t th e applicatio n of m u sta rd gas to skin led to an in h ib itio n of glycolysis w hich co rrelated well w ith th e severity of th e accom panying vesication. T h e y track ed dow n th e p o in t of in h ib itio n to th e initial p h o sp h o ry latio n of glucose by th e enzym e hexokinase. W o rk in g u n d e r M alco lm 's d irectio n , R u th van H ey n in g en stu d ied th e effect of m u sta rd gas on ab o u t 34 enzym es in vitro and show ed th a t m u st a m arked specificity as an in h ib ito r in its effect on hexokinase. T h ese findings in itiated a d etailed analysis of th e enzym e, of w hich little was previously know n. All o th e r vesicants, no m a tte r w hat th e ir chem ical n atu re, w ere foun d to in h ib it yeast hexokinase, leading M alcolm and his colleagues to a 'p h o sp h o k in ase th e o ry ' of the m ode of action of these b listerin g agents. A p art from its local effects, m u sta rd gas also has m ore general and system ic effects, n o tab ly on th e bone m arro w and g a stro intestinal tract. M alcolm and his team recognized th a t th e biochem ical m echanism s u n d erly in g th e m w ere n o t necessarily the sam e as th a t u n d erly in g vesication. Som e evidence was o b tain ed of in terferen ce w ith glycolysis, at least in bone m arro w , b u t th e resu lts w ere inconclusive. In collaboration w ith m em b ers of an o th er g ro u p led by P ro fesso r A. W orm all, w hich had been evacuated to C am b rid g e from St B arth o lo m ew 's H o sp ital in L o n d o n , M alcolm and his colleagues stu d ied th e fate of injected m u s ta rd gas in th e b ody (56). F o r this p u rp o se they m ade use of m u s ta rd gas co n tain in g radioactive su lp h u r p ro v id ed by th e R ad iatio n L a b o ra to ry of th e U n iv ersity of C alifornia. A lth o u g h th e re w ere large differences in th e accu m u latio n of radioactive su lp h u r in different tissues, no co rrelatio n w ith p o iso n in g could be detected . T h e w ork, th o u g h in co m p lete, was te rm in a te d w h en it becam e clear th a t th e re was no likelihood of gas w arfare.
T h e w ork of M alco lm 's C am b rid g e team d u rin g th e w ar help ed to g en erate a new ap p reciatio n of th e action of in h ib ito rs on enzym es, especially of agents reactin g w ith thiol g ro u ps. T h e y clearly o v erestim ated th e im p o rtan ce of thiol g ro u p s in th e catalytic m ech an ism s of enzym es b u t this is forgiveable in view of th e p rim itiv e know ledge of the ch em istry of active sites available at th e tim e. It sh o u ld be ad d ed th a t th e ir stu d y of chem ical in h ib ito rs, n o tab ly th e action of dialkyl flu o ro p h o sp h o n ates, was to bear im p o rta n t fru it in the w ork on th e ch em istry of th e active site of cholinesterase by J. A. C o h en after he re tu rn e d to th e N eth e rla n d s and, in due course, of th a t of c h y m o try p sin by B. S. H artley (later F .R .S .) w hen he becam e a m e m b er o f th e S u b -D e p a rtm e n t of E nzym e B iochem istry in th e 1950s.
W ith th e end of the w ar, M alcolm was able to re tu rn to som e of his earlier in terests. In 1939 he had em b ark ed w ith L. G . Z erfas on th e pu rificatio n of th e lactate d eh y d ro g en ase of yeast first d escrib ed by F. B ernheim som e 10 years earlier. In a series of p ap ers w ith Z erfas, and later w ith S. J. Bach and D . K eilin (43, 46, 47, 53) , M alcolm show ed it to be u n u su al in co n tain in g a b cyto ch ro m e (desig n ated b2, the d esignation bx having already been used for a bacterial cytochrom e). A b o u t 1950 he suggested to R. K . M o rto n , th e n one of his research stu d en ts, th a t he should take up this in terestin g w ork and M o rto n d id co n tin u e w ith it in A u stralia u n til his u n tim ely d eath (85). M eanw hile, M alcolm and R. C ap u tto succeeded in p u rify in g the trio se p h o sp h ate deh y d ro g en ase of m uscle to crystallin ity (50) b u t w ere forestalled in fu rth e r stu d y of the enzym e by co m p etin g w ork in the U .S .A .
M alco lm 's second book, M ulti-enzym e systems (57), was also conceived at this tim e, arising o u t of fo u r lectures on this topic he was in v ited to give in 1948 by P rofessor F. G . Y oung, F .R .S ., in his (then) d ep a rtm e n t in U n iv ersity C ollege L o n d o n . T h e first lecture dealt w ith the gen eratio n of energy by h y d ro g e n -tra n sfe r reactions and the second w ith the utilizatio n of this energy by p h o sp h a te -tra n sfe rrin g enzym es. T h e lectures w ere ahead of th e ir tim e in reflecting on the possible consequences of enzym e organization in cells, stressin g th e significance of su b strate tran sit tim e, u nstable in term ed iates and com p etitiv e reactions at b ran ch p o in ts in m etabolism . All this was to com e in later years w ith th e recognition of m u ltien zy m e com plexes and m etabolic co m p artm e n tatio n . T h e th ird and fo u rth lectures w ere devoted to a co n sid eratio n of the eq u ilib ria and free energies of coupled enzym e reactions. T h e y are n o tab le for a valiant a ttem p t by M alcolm to replace the conv en tio n al system of ex p ressin g o x id a tio n -re d u c tio n p o ten tials in volts by a novel system , th e rH scale, based on the original suggestion of M ansfield C lark. F o r th e reaction A H 2^± A + H 2,
rH is related to p H and can co n v en ien tly be m easu red at a p la tin u m electrode. M alcolm devised a series of sim ple eq u atio n s and n o m o g ram s enabling the free energies of th e reactions to be m a n ip u lated in term s of rH , and he envisaged a sim ilar schem e of th in g s (rP ) for p h o sp h o ry latio n reactions. B ut he was doom ed to d isa p p o in tm e n t: th e ap p ro ach , little publicized, did n o t catch on and it ap p eared th a t this piece of w ork was w asted.
H ow ever, this oth erw ise unavailing w ork on th e rH scale led M alcolm to realize th a t a precisely analogous set of rules applies to the in teractio n of enzym es w ith su b strates and in h ib ito rs. T h is was of p ro fo u n d im p o rtan ce in developing o u r u n d e rsta n d in g of the physical ch em istry of active sites. In a p en etratin g p ap er in 1953 (61) he developed a th e o ry of the p H -d e p e n d e n c e of kinetic p aram eters of enzym ic reactions, w hich led to sim ple graphical p ro ced u res for d eterm in in g the ionization co n stan ts of the groups involved in enzym e-su b stra te and e n z y m e -in h ib ito r com bination. C o n sid er th e fo rm atio n of th e e n z y m e -su b stra te com plex according to the eq u atio n E + S^± E S .
M alcolm d em o n strated th a t a p lo t of p (i.e. -lo g i^m) against p H should consist of a n u m b e r of sections w ith slopes of + 1 , 0 and -1, according to w h eth er th e re was a charge change of -1, 0 or + 1 in th e form ation of th e ES com plex, due regard being paid to algebraical sign. A d ow nw ard b en d rep resen ts a p Ko f th e fre enzym e and an u p w ard b en d rep resen ts a p of th e e n z y m e -su b stra te com plex. O ne of his exam ples, x an th in e oxidase, is show n in figure 2. As M alcolm him self p u t it, ' If we assum e piC's for th e free enzym e (or su b strate) of 5.3 and 7.9, and one for th e com plex of 4.4, th e th eo ry w ould give the curve draw n , w hich agrees q u ite well w ith th e ex p erim en tal plots '.
A sim ilar plot could be co n stru cted for the in teractio n of an enzym e w ith a com petitive in h ib ito r. T h e th eo ry and its applicatio n was seized upon w orldw ide, for it gave an o p p o rtu n ity to a tte m p t to identify, from th e ir p Kv alues, ionizable g ro u p s in enzym es involved in the active site. It p rovided a sp len d id co m p lem en t to th e attack on enzym es by the m eth o d s of p ro tein ch em istry being developed by F. S anger (later F .R .S .) in C am b rid g e and by o th ers elsew here. M alcolm refined and (R e p rin te d by p e rm issio n from Biochem. J . 55, 161-170 (1953) o n iu m sulphate solutions used in th e pu rificatio n of enzym es by salt fractio n atio n (63), a tech n iq u e he and E. C. W eb b rigorously review ed a few years later (82). As P rofessor V. M assey has d escrib ed above, M alcolm designed and m ade the first th e rm o state d cell-h o ld er for a B eckm an sp e ctro p h o to m eter (65), enabling the te m p e ra tu re -d e p e n d e n c e o f enzym ic reactions to be investigated. T h e stro n g in terest in practical im p ro v em en ts p ersisted until his retirem e n t, for in 1965 M alcolm p u b lish e d an o th er useful graphical m eth o d , this tim e for th e d e term in a tio n of e q u ilib riu m constants for sub stan ces b in d in g tig h tly to enzym es (88), and in 1972 follow ed it w ith yet an o th er ap p ro ach to the g rap h ical d eterm in a tio n of K m and K i (104) . In th e year he retired he also designed an d b u ilt an extinction scale-expansion u n it (95) for th e B eckm an D K 2 reco rd in g sp ectro p h o to m eter (the very m ach in e w hose p u rch ase he had been relu ctan t to co n tem p late!), so m eth in g th a t is now a co m m onplace on com m ercial in stru m en ts.
T h e crow ning achievem ent of th e later perio d of M alco lm 's research is u n d o u b te d ly the co m p reh en siv e treatise, , the research for w hich he began soon after the end of W o rld W ar II. M alcolm describ ed its conception t h u s :
I had signed an agreem ent with Longm ans & C o __ to write such a book. T his was the result originally of pressure from M arjory Stephenson, who thought it would be desirable to have a book on enzymes as a com panion volume to her own 'Bacterial M etab o lism ', published by the same firm. T here was no date given in the agreem ent, however, and although I collected a good deal of m aterial it became clear in tim e that because I was so busy I should never manage it by myself. I therefore invited Edw in W ebb to collaborate with me, and my sabbatical year in 1954-5 enabled me to get to work on it in earnest. W ebb proved to be a splendid collaborator, clear headed, well inform ed, m ethodical, accurate and hard working. T he book was truly w ritten jointly th roughout; we had no secretarial assistance, but I sat at the typew riter and we worked out every sentence together__ D uring the whole of that tim e we never had anything approaching a quarrel, although we argued very frankly about everything. A good m any fresh ideas came to light during the discussions.
H is collaborator, P rofessor E. C. W eb b , has also reco rd ed his m em ories of th e p ro ject:
My closest association with [Malcolm] came about, of course, when we signed a contract with Longm ans to write ' Enzym es '. T h e contract is dated 1948, but the first edition did not appear until ten years later. A bout once a year, at first, a representative from Longm ans would call on us, and we would have a session in M alcolm 's little office during which he would explain that we were collecting inform ation, and would soon start writing.
A fter a few years they stopped com ing, and when we eventually went to L ondon to discuss details of the m anuscript we found that they had relegated the contract to the 'dead p ro je c ts' file. M ost of the w riting was done in K in g 's College during a year in which M alcolm took study leave. I was responsible for m ost of his lectures as well as my own that year, bu t each day, as soon as my lectures were finished, I rushed around to the rooms he occupied as a Fellow of K in g 's for another stint of writing. It was a genuinely collaborative effort; every sentence was discussed at length, and when we had an agreed version, M alcolm typed it. His typing, like everything else he did, was perfect. T h e D epartm ent offered us secretarial help at one stage. M alcolm said that some typing assistance m ight be useful for early drafts, but that the final typescript would have to be done properly, and he could hardly delegate it to anybody else! Once the m anuscript was com plete and in the hands of the publisher, the m ore m echanical chores of book-w riting had to be tackled, and M alcolm was unw illing to delegate any of these to others. T hus, for that first edition, we num bered and renum bered references, devised a system of enzyme num bering (com pletely recast in the second edition), prepared photographs of crystalline enzyme m icrographs and arranged them suitably on the page, designed a dust jacket, prepared the index (before the days of word processors and com puters), and read three lots of proof. I learnt a great deal during those years, m uch of it having little to do with b io ch em istry !... W orking with M alcolm m eant that one had to be prepared to alter one's lifestyle to m atch his. He rarely started before 10.30 a.m .; he frequently walked from his house to the D epartm ent in tim e for m orning tea. He went hom e to lunch, but if he was doing som ething interesting would not leave until 1.30 or 1.45 and then would often not be back in the laboratory until 3 p.m . or 3.30. It m ight then be 7 or later before he went hom e to dinner.
T h e first editio n of the book was p u b lish e d in 1958 (72). It was not sim ply a review of p u b lish e d w o r k : it in c o rp o rated m u ch of th e novel th in k in g and ex p erim en tal w ork of M alcolm , E d w in W eb b and the o th er m em b ers of the S u b -D e p a rtm e n t of E nzym e B iochem istry and it helped to change the landscape of enzym ology for a w hole gen eratio n of biochem ists. In review ing it for N a t u r e, P rofessor B ritto (C hance 1958):
T his is one of the finest books that has appeared on the topic of enzymes. It is probably the first to m aintain properly the tradition set by J. B. S. H aldane's Enzymes of 1 9 3 0 ...T his volume will surely be the standard reference work on enzymes for a num ber of years to come and will serve as a point of departure for m any m onographs on specialized topics in enzymology.
It was deservedly an en o rm o u s success. A second and revised edition was p u b lish ed in 1964 (86) and it was enlarged and u p -d ate d again in 1979 w hen the au th o rsh ip was ex p anded to include C. J. R. T h o rn e and K . F. T ip to n (105). Enzymes was tran slated into several languages, am ong th em R ussian, Italian and Japanese.
M alcolm D ix o n 's final p u b licatio n s ap p eared alm ost 60 years after his first paper. T h e subjects of enzym ology and biological o x id atio n had changed o u t of all reco g n itio n in six decades. H e had b een a m ajo r co n trib u to r to the changes and to th e tran sfo rm a tio n in th in k in g in th e biochem ical co m m u n ity at large. T ate, D r C. J. R. T h o rn e , P ro fesso r K . F. T ip to n and P ro fesso r E. C. W ebb, w ho w ere good en o u g h to p ro v id e m e w ith co m m en ts on, and recollections of, his life and w ork. I am p articu larly g ratefu l to D r H . B. F. D ixon, P ro fesso r M assey, D r T h o rn e and P ro fesso r T ip to n for kindly reading the m a n u scrip t and for th e co rrectio n s an d im p ro v em en ts they m ade to it.
T h e frontispiece p h o to g rap h was taken in th e late 1950s by R am sey & M u sp ra tt of C am b rid g e. 
Manometric methods, 3rd ed n . C a m b rid g e U n iv e rsity P ress. 
(W ith E. C. W ebb) E n zy m e fra c tio n a tio n by sa ltin g -o u t: a th eo re tic al note. A d v. Protein Chem. 16, 
